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Parameters of respirable mineral dust responsible for respiratory toxicity in humans have been investigated extensively. When the coal industry was flourishing, the major concern was with silicosis resulting from exposure to silica and silicate dusts. Epidemiological studies on asbestos workers in the 1960s brought to light the fibrogenic and carcinogenic properties of fibrous particles. Then in the 1970s, Stanton showed that fiber length and diameter had a critical influence on carcinogenicity. He inoculated different natural and synthetic fibers into the pleural cavity and found that fibers longer than 8 pm with a diameter <0.25 pm had the highest probability of inducing pleural carcinomas (1) . The influence of this fiber size was confirmed by Pott , who administered fibers to rats by the intraperitoneal route (2) and by Hesterberg and Barrett who studied the effect of fibers on Syrian hamster epithelial cells in vitro (3) . It now appears that the dimensional parameters of length >5 pm and diameter <1 pm are the most critical discriminants of risk for both fibrogenesis and carcinogenesis. However, it was shown that parameters other than size were involved, since acidleached chrysotile was found to be less carcinogenic for the rat pleura than native chrysotile (4, 5) .
Lung retention of inhaled mineral dusts has been known for a long time to pulmonary pathologists, who observed that a high percentage of inhaled dusts remained in the lung for a considerable period, in both humans and in experimental animals. The concept of biopersistence as an important factor in fiber toxicity, however, is more recent. It arose from the observation that different natural or man-made mineral fibers had very different lung retention characteristics, some persisting over long periods, others being less durable. Meanwhile, convergent studies indicated that the most biopersistent fibers, when tested either in vivo or in vitro, were those with the highest fibrogenic or carcinogenic potential. This was well illustrated in studies of lung tissue obtained at necropsy from patients who had died with mesotheliomas and who in the past had been exposed to a mixture of amphibole (crocidolite, amosite) and chrysotile asbestos. Even when chrysotile had been the dominant fiber in the mixture, the pulmonary retention of amphibole fibers usually was found to be the greater, and, in general, human mesothelioma was more often associated with exposure to amphibole asbestos (6) .
These data would suggest that amphibole was more carcinogenic than chrysotile in the human pleura, probably because of its long biopersistence in the lung, since, in contrast, in long-term inhalation studies in the rat (7) , and in in vitro studies using rat mesothelial cells in culture (8) chrysotile and amphibole appeared equally carcinogenic. Fiber biopersistence was also suggested as one of the more relevant determinants of the carcinogenic potential of a man-made vitreous refractory ceramic fiber, in a long-term inhalation study in rodents (9) .
These results, together with those of experimental studies in in vitro systems, in which different asbestos fibers and manmade vitreous fibers exhibited differential chemical leaching and dissolution, have led to a generalized concept that a fiber with critical dimensions will be carcinogenic if it is sufficiently durable to remain chemically and physically intact in lung tissue in close contact with target cells.
However, the biological persistence of mineral and synthetic fibers is the result of a complex process involving a succession of interrelated events, before the "biopersistent" fraction of the fibers is retained in the alveolar region of the lungs. These events involve deposition, clearance, and translocation from the lung parenchyma to lymph nodes and pleura. Fibers may also be subjected to either transversal breakage (for synthetic fibers) or longitudinal splitting (for natural fibers) and dissolution, which may result in dramatic changes in shape and dimensions, and in chemical composition resulting from selective leaching of component elements. The importance of diameter of elongated particles as a determinant for carcinogenesis is illustrated by tremolite asbestos, which, in its defibrilated thin form is highly carcinogenic (10), while thick cleavage fragments of the same mineral, often encountered in ores such as talc, are not carcinogenic (11) . Thus, these slow disaggregation processes may produce changes in fiber number, size, crystalline structure, chemical composition and surface chemistry. Any of these changes could have important biological implications for fibrogenic and carcinogenic potential and for the persistence necessary to present a health hazard.
Clearance and translocation of deposited particles involve a many-sided process, in which fibers come into contact with various biological media, fluids such as mucus, surfactant and other kinds of extravascular lung fluids; interstitium matrix compoEnvironmental Health Perspectives nents such as collagen, elastin, and proteoglycanes; and different enzymes, proteins, and endogeneous iron within the intravascular compartments. The intracellular events are also very important, for long fibers may impair cellular functions, so that alveolar macrophages may have difficulty in phagocytizing and clearing them. They may also overload the macrophages, though the functional impact of that is not fully understood. Future studies are needed also of the synergistic action that nonfibrous particles, often significantly associated with fibers may exert on the toxic effect of the fibers, even when they are chemically identical. Recent studies of the clearance and toxic effects of commercial bulk synthetic fibers have taken into account the presence of contamination by such nonfibrous particles (12) .
Little is known regarding the translocation of fibers from the pulmonary interstitium to the pleura following inhalation exposure, but it appears that only very short and thin fibers of asbestos, mainly chrysotile, have been recovered from the parietal pleura, as if they alone had been able to search the pleura. Their role in the induction of mesothelioma, however, still is not understood (13) .
To understand fully the interaction between fibers and tissues and cells, it is necessary to follow step by step the successive physicochemical events that may occur. Little is known of the kinetics of the release of intracellular elements that may react with fibers, degrading long fibers into shorter fragments that are more easily cleared or dissolved. The pH of intra-and extracellular milieus are recognized as major parameters determining the leaching or dissolution processes of deposited fibers. It has been shown in acellular in vitro studies that chrysotile and synthetic rockwool are both leached and even dissolved at acid pH (14) , while glasswool, for example, is more sensitive to neutral or alkaline pH. The intracellular milieu within the phagolysosomes of macrophages is around pH 4, but extracellular interstitial fluid is neutral or even alkaline (15) , so their interaction with a given fiber could be very different. As a result of this, there is still considerable uncertainty, since at present we do not know the pH in the peritoneal or pleural serous cavities, nor within the surfactant, the extravascular lung fluids, or in lymph.
It is these unknowns, amongst others, that led us to organize the INSERM-IARC-CNRS workshop on the biopersistence of respirable synthetic fibers and minerals, which took place at the International Agency for Research on Cancer in Lyon, France, in September 1992. Some 150 participants, specialists in the disciplines working in the field, met to discuss questions, whose answers will have major economic, and occupational and public health impacts. The aim would be to find how to define the ideal biopersistence for fibers, so that it would become possible to restrict the market to those natural and synthetic fibers of which all the relevant physico-chemical parameters, including biopersistence, were known and controlled.
At the opening of the workshop, in a series of introductory papers, chest and occupational physicians, epidemiologists, animal experimentalists, cell and molecular biologists, physical chemists, and industrialists all presented their particular points of view on the problem as it exists.
Subsequent sessions provided new data which are presented under three main headings: in vitro assessment of biopersistence; assessment of biopersistence in animal experiments; and significance of biopersistence in relation to pathogenic effects in humans.
In the search for reliable in vitro tests, which could predict in vivo responses, a variety of experimental studies were considered in the first session. A number of acellular in vitro experiments were described in which the influences of different physicochemical parameters that controlled the dissolution rates of glasswool or rockwool, were studied. The parameters included the pH and composition of simulated lung fluids, the chemical composition of the fibers, and the design of the experimental system. It was evident that for a given fiber, and using the same physiological solution, the reproducibility of dissolution rates between laboratories was poor, varying even by a factor of two. In vitro tests using cell cultures of alveolar macrophages or respiratory tract cells gave results that indicated that cellular systems were probably better able to predict in vivo biodurability. Studies in this field remain rare and need to be encouraged.
The second session compared the experiences of several European and North American laboratories, where different approaches have been used to test the durability of natural and man-made fibers in laboratory animals and to make an in vivo assessment of fiber toxicity. Results obtained by inhalation of size-selected fibers were compared with those where intratracheal or intraperitoneal injections had been the chosen route of administration of test fibers. Discussions turned on which of the methods could best contribute to the assessment of fiber biopersistence, toxicity and carcinogenicity.
New technologies of magnetometry-for measuring iron-containing particles-and electron energy loss spectrometry (EELS), enabling in situ chemical element analysis of solid particles, were compared with the established technique of analytical electron microscopym-either scanning or transmission. A limitation of these techniques, which require the extraction and preparation of fibers prior to microscopic examination, is that this preparation could modify the elemental composition of the fibers. Alternative techniques using microwave drying or slam freezing, were proposed on the grounds that they would permit in situ examination of particles in lung tissue without risk of altering their chemical composition.
The extrapolation of the biopersistence concept to the human situation was the major topic of the third session. The significance of particles still present in the lung at the time of the disease is not well understood, particularly in the case of mesothelioma. It is not known if the in situ transformation of mesothelial cells is related to a direct hit by fibers translocated to the pleura, or to an indirect inflammatory mechanism, provoked by the release of oxidants and growth factors from alveolar macrophages. More comparative studies are needed of the translocation of natural and synthetic fibers to the pleura in humans and animals. Further study also is needed of the remarkable species differences in susceptibility, exemplified by the high incidence of mesothelioma observed in hamsters after inhalation of ceramic fibers (RCF).
At the close of the workshop, two roundtable discussions attempted to summarize and reach positive conclusions, one on the role of biopersistence in the pathogenicity of man-made fibers, the other devoted to the different experimental methods for evaluating fiber biopersistence-acellular and cellular in vitro systems and in vivo studies.
The concluding article of these proceedings is an excellent synthesis of the discussions. The Biopersistence has become a priority research theme in the field of toxicology of mineral, and particularly, of synthetic fibers, for these materials are in great demand in many aspects of modern technology-thermic and phonic insulation, and refractory materials, for example.
Remembering the explosion of occupationally induced lung cancers and mesotheliomas caused by uncontrolled use of asbestos in the past, it is only to be expected that the fiber manufacturing industries should maintain maximum toxicological guarantees to avoid any future adverse health hazards, and to pay continual attention to the results of published studies and the corresponding analyses that have been made by the international scientific community.
During the last five years, epidemiological and experimental research has contributed to a better understanding of the hazards associated with exposure to manmade vitreous fibers, including rockwool, slagwool and glasswool as well as ceramic fibers and glass filament.
Current research is also studying organic fibers, but there is one important gap in all this toxicological activity, the cellulose fibrous materials used as a substitute for asbestos in the reinforced cement industry and in building insulation. Cellular fibers are often associated with chemicals, themselves hazardous, which could be later released when the cellulose fibers were retained in lung tissue (16) .
